contralateral side; a lifting of the contralateral upper lip; a shrugging of the contralateral shoulder; and a movement of the contralateral hand to a lateral position as if to block a threat. These movements matched our previous findings for electrical stimulation in PZ (Cooke and Graziano, 2004; Graziano et al., 2002a) . One important question, therefore, was whether the same set of defensivelike movements would be evoked by the bursts of cell activity induced by bicuculline injection.
The black line in Figure 2C shows an example of a bicuculline-induced burst of neuronal activity. The trace shows the multineuron background activity, since the low impedance of the recording syringe did not easily allow for the isolation of single neurons. The red line participates in squinting and blinking, and its activity (B) Polysensory neurons were found to be concentrated in area F4 provides a measure of the defensive grimace. In this (Gentilucci et al., 1988; Matelli et al., 1985) . case, the EMG activity was measured from the side of (C) The approximate location of the polysensory zone (PZ) as determined in a mapping study by Graziano and Gandhi (2000) . muscle. Figure 2D shows an average of 30 bicuculline-induced cell bursts. Each neuronal burst was defined as an inmeasuring the ongoing neuronal activity using a Crist crease in neuronal activity that exceeded the mean by recording microsyringe. Although the microsyringe elecfour times the standard deviation. The neuronal bursts trode had a low impedance (0.5 M⍀), and therefore sinwere aligned on the time point at which they rose above gle neurons could not easily be isolated, it did allow this threshold. The traces were rectified and averaged for the measurement of background multiunit activity, together. This mean shows a similar effect as in the which was sufficient to test the effect of the injected single example shown in Figure 2C . On average, the drug. burst in neuronal activity was followed by a burst in Figure 2A shows the effect of muscimol injection (10 orbicularis muscle activity. The latency, or time between g in 1 l of saline, injected at 0.1 l/min) at a typical the onset of the neuronal burst and the onset of the cortical site in PZ. The first bar in the graph shows the EMG burst, was 30.13 ms (SE of 5.50). In a previous mean and standard error (SE) of the rectified neuronal study using electrical stimulation of PZ to evoke activity activity, measured during baseline resting just before in the orbicularis muscle, we obtained a mean latency the start of injection. The second bar in the graph shows of 31 ms (SE ϭ 1.89) . Thus, the mean and SE of neuronal activity measured 10 min in these respects the effect of chemical stimulation aplater, after the end of injection. As expected, the baseline pears to be similar to the effect of electrical stimulation. neuronal activity was significantly reduced after the inThe orbicularis muscle is active during a defensive jection of muscimol (t ϭ Ϫ11.34; p Ͻ 0.0001). reaction, participating in blinking and squinting, includ- Figure 2B shows the effect of bicuculline injection (2.5 ing lowering of the eyebrow and raising of the skin under g in 1 l of saline at a rate of 0.1 l/min) at another the eye. However, a defensive reaction can involve addicortical site in PZ. As expected, the baseline neuronal tional components (Strauss, 1929; Landis and Hunt, activity was significantly increased by the injection of 1939; Schiff et al., 1962; King et al., 1992; Cooke and bicuculline (t ϭ 3.17; p ϭ 0.003). In addition to the in- . Did these other components of a defencrease in mean neuronal activity, the SE also increased sive reaction occur during the bicuculline-induced neumarkedly after the injection of bicuculline. This increase ronal bursts? Figure 2E shows line drawings traced diin both mean and variability was caused by a bursting rectly from video frames. These drawings illustrate the behavior of the cells that is typically induced by bicuculface between cell bursts and during a cell burst. The line (e.g., Matsumura et al., 1991) . By 15 min after the cell burst evoked a suite of movements including the start of injection, these intense bursts of cell activity following: a bilateral blink; a squinting of the musculature occurred at a variable rate of about one every 5-30 s.
surrounding the eyes that was more pronounced on the side of the face contralateral to the injection; a lifting Cell Bursts Induced by Bicuculline up of the lip, exposing the teeth; and a wrinkling upward The cortical site illustrated in Figure 2B was typical of of the skin on the snout that was more pronounced on sites in PZ in that the neurons responded to objects the contralateral side. The ear is not visible from this approaching or touching the contralateral side of the video angle, though we did observe a folding backward face (visual and tactile receptive fields shown in Figure  of the ear against the head during each bicuculline-1D). In initial testing, electrical stimulation of this site induced cell burst. The head remained fixed by the head evoked the expected set of defensive-like movements bolt throughout the experiment, thus a turning aside of that appeared to protect the side of the face, including the head could not be observed. Figure 2F shows a view of the monkey's body, illustrating more of the movement a squint and blink that was most pronounced on the during a cell burst. In the first picture, the monkey is in induced cell bursts in PZ, are standard components of a defensive reaction and do not resemble other categoits normal resting posture with its hands crossed over its knees. In the second picture, in addition to the facial ries of action such as putting food in the mouth, grasping, manipulating, or making a threat expression (which movements, the monkey also shrugged the contralateral shoulder and moved the arms toward the contralateral involves raising rather than lowering the brow, opening rather than closing the eyelids, and opening the jaw side. Measurements of the video images showed that during a cell burst the contralateral lip was elevated by widely). During qualitative testing, we found that multiple cell a mean of 5.5 Ϯ 1.6 mm and the contralateral hand moved by a mean of 173 Ϯ 33 mm from an initial stationbursts in rapid succession and accompanying flinches could be triggered by stimuli approaching the monkey's ary position. These movements, evoked by chemically squint, a lifting of the upper lip exposing the teeth, and an upward movement of the skin on the snout toward the eye, visible in the picture as a wrinkling of the skin on the right side of the nose. In addition, the shoulder on the side of the air puff became elevated. The blocking movement of the arm to a lateral position, a standard component of a strong defensive reaction, is typically present in the first few trials of a block of air puff trials and then habituates and becomes weak and intermittent on subsequent trials Graziano, 2003, 2004) . On the trial depicted in this video frame, the arm on the side of the air puff lifted slightly from its resting position but did not move to a lateral blocking position. Thus, the reaction shown here is a moderate one. On average across these preinjection trials, air puff on the right cheek caused the right side of the lip to elevate by 2.4 Ϯ 1.6 mm and caused the right hand to move 38 Ϯ 13 mm from an initial stationary position. Figure 3B shows the effect of an air puff to the right cheek tested 15 min later, after the injection of bicuculline into a site in PZ in the left hemisphere. The reaction to the air puff is now more pronounced. The facial grimace is of greater magnitude, including a tighter squint around the right eye, a greater lifting of the right side of measured during the preinjection trials (t ϭ 4.82; p Ͻ 0.0001). During the postinjection trials, the hand moved 142 Ϯ 46 mm from an initial stationary position. This movement of the hand in reaction to the air puff was face, including slowly moving stimuli such as cotton significantly greater than that measured during the preswabs that previously caused little reaction from the injection trials (t ϭ 9.12; p Ͻ 0.0001). monkey. This finding suggests that the neuronal disinhiTo study this enhancement more quantitatively, we bition caused by bicuculline in PZ resulted in a behavmeasured the EMG activity in the orbicularis muscle. In ioral disinhibition. Even normally subthreshold stimuli, a previous study examining defensive reactions to air such as the slowly moving cotton swab, became superpuff in monkeys, we found that the activity of the orbicuthreshold and evoked a defensive reaction. We further laris muscle, reflecting the facial squint and blink, is tested this enhancement of the defensive reaction by a particularly sensitive measure of the presence and using a stimulus that was normally superthreshold, that magnitude of a defensive movement (Cooke and Grais, one that normally evoked a defensive reaction. The ziano, 2003). This result is in agreement with previous stimulus was an air puff delivered to the cheek. We studies indicating that the facial squint and blink is the tested whether injections of bicuculline into PZ enmost reliable part of the defensive reaction across many hanced the defensive reaction to this stimulus and species ( Figure 4A shows the EMG action. These tests are described in the following secactivity data from the side of the face contralateral to tions. the injection, during air puff to the contralateral cheek. The black trace shows a mean of 25 trials presented Effect of Chemical Injection on Air Puff-Evoked before bicuculline injection. This mean result follows a Movements: Examples typical pattern including an intense, short-latency startle Figure 3A shows the effect of an air puff delivered to reflex followed by a lower-amplitude, more sustained the monkey before injection of any drug into PZ. The second phase . The red trace camera angle was slightly off center. Although the two shows a mean of 25 trials presented 15 min later, after air nozzles appear to be asymmetrically placed in this bicuculline injection. Again, the reaction included an line drawing of the video image, in fact they are arranged intense, short-latency startle reflex followed by a lowersymmetrically to reach equivalent locations on the two amplitude, more sustained phase. cheeks. In this case, the puff was delivered to the right The baseline level of muscle activity, measured in the cheek. The figure shows a typical reaction of the monkey period before the onset of the air puff, was similar for pre-and postinjection tests, as can be seen by the to the air puff. The facial movements include a blink, a significantly affected by bicuculline. The percent change from preinjection to postinjection tests was not significantly different from zero (percent change ϭ 10.1%; SE ϭ 16.17; t ϭ 0.62; p ϭ 0.54).
The startle phase of the defensive reaction was also unaffected by bicuculline, rising to a similar peak for both pre-and postinjection tests, as can be seen in Figure 4A . The percent change in this startle reaction between the pre-and postinjection tests was not significantly different from zero (percent change ϭ Ϫ0.52%; SE ϭ 5.13; t ϭ Ϫ0.101; p ϭ 0.994).
The sustained phase of the response, however, was elevated after bicuculline injection. This elevation in EMG activity caused by bicuculline remained through the duration of the air puff. The percent change between the pre-and postinjection tests was significantly greater than zero (percent change ϭ 157%; SE ϭ 26.66; t ϭ 5.899; p Ͻ 0.0001).
When the air puff ended, the effect of bicuculline disappeared, as indicated by the convergence of the preand postinjection traces. For the time period just after into PZ. Figure 3D shows the effect of air puff tested 15 min later, after the injection of muscimol into a site in PZ. The reaction to the air puff is visibly reduced after similarity between the red and the black lines in Figure  muscimol injection. The eyelids are closed, but the facial 4A. We calculated a percent change between preinjecgrimace is no longer apparent. On average across preintion and postinjection baseline, using a 500 ms time jection trials, air puff on the right cheek caused the right window prior to the start of the air puff. This percent side of the lip to elevate by 2.5 Ϯ 1.4 mm, whereas on change was not significantly different from zero (percent postinjection trials, the lip elevated by 1.5 Ϯ 1.3 mm. difference ϭ 3.6%; SE ϭ 9.77; t ϭ 0.37; p ϭ 0.71). Thus, This reduction in extent of lip elevation was significant bicuculline injected in PZ did not change the tonic level (t ϭ 2.40; p ϭ 0.021). The hand movement was not of activity in the muscle. measured, because in this test, to better capture subtle During this baseline period between air puffs, the facial movements after muscimol injection, the camera's video record indicated that the monkey made frequent field of view was limited to the face only. lid and brow movements, such as those that accompa- Figure 4B shows the results from the orbicularis musnied gaze shifts, facial expressions, and spontaneous cle for this site. The muscimol injection caused a reducblinks. The lack of effect in this baseline period suggests tion in the orbicularis activity, reflecting a reduced facial that these ongoing, nondefensive movements were not squint and blink. This reduction, however, was not apaltered by the bicuculline injection. To address this parent in the initial startle phase of the monkey's reacquestion more directly, we used the video record to tion to the air puff (t ϭ 0.364; p ϭ 0.921) but was statistiidentify the times during the intertrial interval when the cally significant in the second phase of the response monkey was performing a facial action such as brow (t ϭ Ϫ6.784; p Ͻ 0.0001). Note that the effects of bicuculmovement or spontaneous blinking. We analyzed the line ( Figure 4A ) and muscimol ( Figure 4B) were opposite, orbicularis EMG activity during these movement times.
one increasing the second phase of the defensive reacThe orbicularis activity rose significantly during these tion and the other decreasing it. These effects, therefore, movements, indicating that the muscle did participate cannot be explained by pressure from the injection, in the movements (EMG activity during movement was presence of the cannulus, or other nonspecific factors. elevated above baseline by 45.8%; SE ϭ 9.3; t ϭ 4.90; Figures 4C and 4D show the results of injecting bicup Ͻ 0.0001). However, this EMG activity during the nonculline and muscimol at cortical sites outside of PZ. These sites were located in the precentral gyrus within defensive movements in the intertrial interval was not result across ten injection sites is similar to the result for the example site shown in Figure 4B .
These 5B and 5D ). This effect of stimu-(four in monkey 1 and six in monkey 2) and ten with lus location approached but did not reach significance muscimol (six in monkey 1 and four in monkey 2). The (main effect of stimulus location, F ϭ 3.482, p ϭ 0.062). reason for the relatively small number of sites is that The effect of stimulus location can be seen more clearly the pressure injections can cause cumulative damage by comparing Figures 5C and 5D . Here, the effect of to the cortex, especially in a relatively small cortical bicuculline was apparent for stimuli presented to the region such as in the present experiment (2-3 mm in contralateral cheek ( Figure 5C ) and absent for stimuli diameter; see the Experimental Procedures for details presented to the ipsilateral cheek ( Figure 5D ). This differof locating PZ).
ence resulted in a significant interaction term in the Figure 5A shows the mean result for bicuculline, for ANOVA (interaction, F ϭ 4.969, p ϭ 0.026). the condition in which the puff was presented to the The results of this analysis indicate that the effect of contralateral cheek and the EMG activity was measured bicuculline was primarily motor specific, affecting the in the contralateral orbicularis muscle. Bicuculline had muscle output on the contralateral side of the face more a small, nonsignificant effect on the startle phase of the than that on the ipsilateral side. To a lesser extent, it also defensive response (t ϭ 2.13; p ϭ 0.066) and caused showed some sensory specificity, affecting reactions to a pronounced, significant enhancement of the second stimuli presented on the contralateral side of the face phase of the response (t ϭ 6.39; p Ͻ 0.0001). This mean more than on the ipsilateral side. result across ten injection sites is similar to the result As shown in Figures 5E-5H , muscimol caused a refor the example site shown in Figure 4A . duction in the second phase of the defensive response. Figure 5E shows the mean result for muscimol, for
The reduction in defensive reaction was significantly the condition in which the puff was presented to the more pronounced for the contralateral muscle (Figures contralateral cheek and the EMG activity was measured 5E and 5F) than for the ipsilateral muscle ( Figures whereas PZ is closer to the motor end, with a relative emphasis on the coordination of appropriate movements.
Injection of Bicuculline and Muscimol
It will be important to chemically activate and inactivate for the second, more sustained phase of the response. One possible trained to sit quietly with their heads fixed but their limbs free to concern in comparing the startle phase to the second phase is that move. During the daily recording sessions, a Crist recording microthe startle peak is typically brief (ms timescale), and thus the analysis syringe (Hagerstown, MD) mounted on a microdrive (Narishige, can only be done on a limited time window, whereas the second Tokyo) was lowered into the precentral gyrus while neuronal activity phase of the response continues until the end of the air puff, and was monitored over a loudspeaker. Somatosensory responsiveness thus the analysis can be done on a longer time window. If the full was studied using manual palpation, manipulation of joints, gentle duration of the second phase were compared to the startle phase, pressure, and stroking with cotton swabs. Visual responsiveness the smaller amount of data in the startle phase might result in a was studied using handheld visual stimuli. Most multimodal neurons lower likelihood of detecting a reliable effect, thus falsely supporting in PZ do not respond to visual stimuli projected onto a tangent the hypothesis that the chemical injection affects mainly the second screen, even when the screen is placed close to the face (Graziano phase. To ensure that the statistical tests were not biased in this et al., 1997). Instead, they respond best to objects near the animal. fashion, we selected a sample of data from the peak of the startle Therefore, we used real objects, such as a ping-pong ball mounted phase and an equally brief sample from the second phase. The on the end of a rod, to study visual responses.
analysis window for the startle phase was from 36 to 50 ms after air puff onset. (This analysis window encompassed the average time Electrical Microstimulation of the peak of the startle.) The analysis window for the second phase Each site was also tested with electrical stimulation using an S88 of the response was from 200 to 214 ms after air puff onset (an stimulator and two SIU6 stimulus isolation units (Grass, West Wararbitrary, representative sample from the second phase). We tried wick, RI). Stimulation consisted of a 500 ms train of pulses presented analyzing samples at different times during the second phase and at 200 Hz. Each pulse had a negative followed by a positive phase, also tried using a longer time window to encompass more of the each phase 0.2 ms in duration. Current was set between 25 and second phase and obtained similar results. 200 A and was measured via the voltage drop across a 1 K⍀ resistor in series with the return lead of the stimulus isolation units. 
Identification of PZ

